InSb was deposited on GaAsSb lattice matched to InP matrices using gas-source molecular beam epitaxy to form self-assembled quantum dots ͑SAQDs͒. The InSb critical thickness of the two-dimensional to three-dimensional growth was determined to be about 1 monolayer ͑ML͒. The off-normal streak angle analysis of the reflection high-energy electron diffraction patterns indicated that the facets of InSb SAQDs are of the ͕111͖ family. Transmission electron microscopy further confirmed that the InSb quantum dot has a truncated pyramid structure with ͕111͖ facets. The relationship between the dot density and indium deposition rates was analyzed using atomic force microscopy. The 80 K photoluminescence spectrum of a multiple-layer InSb/ GaAsSb SAQD array with 1 ML nominal InSb thickness shows an emission peak wavelength of ϳ1.72 m.
I. INTRODUCTION
Self-assembled quantum dots ͑SAQDs͒ of III-V heteroepitaxial systems have recently been the subject of intensive research due to their potential applications in future electronic and optical devices utilizing zero-dimensional properties. 1 The emission wavelength of SAQDs grown on GaAs substrate is usually below 1.3 m regardless of the quantum dot material being used. [2] [3] [4] On the other hand, InAsSb SAQDs grown on InGaAs/ InP have demonstrated a long emission wavelength up to 2.2 m.
5 SAQD-based light sources with emission wavelength around 2 m could be important for future optoelectronic applications. In this report, InSb was deposited on GaAsSb lattice matched to InP matrices using gas-source molecular beam epitaxy ͑GSMBE͒ to form SAQDs. The shape of the InSb SAQDs was analyzed using reflection high-energy electron diffraction ͑RHEED͒ and transmission electron microscopy ͑TEM͒. The dot density and size were measured using atomic force microscopy ͑AFM͒. High resolution x-ray diffraction ͑HRXRD͒ and photoluminescence ͑PL͒ measurements were used to characterize the structural and optical properties of the InSb/ GaAsSb multiple stacks of SAQDs.
II. EXPERIMENT AND RESULTS
Growth of high quality, single phase GaAsSb lattice matched to ͑100͒ InP using GSMBE has been reported previously. 6 Arsine and phosphine were used as arsenic and phosphorous sources, respectively, and a solid antimony cracker cell with adjustable precision valve was used as the antimony source. Standard effusion cells were used to provide elemental group III fluxes. A growth temperature of 135°C below the InP passivation oxide desorption temperature was used to grow the high quality GaAsSb lattice matched to InP substrate and InSb SAQDs. In this study, the InP surface oxide desorption temperature was about 535°C. The low GaAsSb growth temperature was achieved by lowering the substrate temperature during the 1000 Å InP buffer layer growth. Note that a low substrate temperature was selected for the growth of InSb SAQDs due to the low melting point of InSb ͑ϳ525°C͒. The GaAsSb matrix layer was 2000 Å thick and clear ͑1 ϫ 3͒ RHEED patterns were observed during the growth.
After turning off gallium and arsenic fluxes to terminate GaAsSb growth, the residual arsenic was further reduced by an additional 10 s pumping. Then InSb with different nominal thickness ranging from 1.0 to 2.4 monolayer ͑ML͒ were deposited with the In flux fixed at 0.1 ML/ s. The indium deposition rate was calibrated using RHEED intensity oscillation. After the InSb deposition, the In flux was turned off and the Sb flux was kept impinging on the sample surface for 60 s, and then the growth temperature was ramped down to 200°C. For InSb depositions thicker than 1.2 ML, during InSb growth, the RHEED patterns changed from a streaky ͑1 ϫ 3͒ to cross ͑or checker board͒ along both ͓110͔ and ͓110͔ azimuths, indicating the formation of InSb SAQDs. Figure 1 shows the RHEED patterns of the 2.4 ML InSb deposited on the GaAsSb matrix layer. For samples with a total InSb deposition of 1 ML, the RHEED patterns maintained a streaky ͑1 ϫ 3͒ during deposition and then changed from streaky to spotty during the growth interruption. The spotty RHEED pattern indicates the formation of InSb SAQDs and the identical patterns along both ͓110͔ and ͓110͔ azimuths imply the symmetric shape of the SAQDs. The streaky to spotty RHEED transition occurred even when the nominal InSb thickness was only 1 ML, which means the critical thickness of InSb on GaAsSb/ InP matrix is near or below 1 ML.
When the faceted islands are formed above atomic smooth surfaces, additional off-normal streaks in the RHEED pattern appear due to diffractions from the faceted planes of the islands. 7, 8 By analyzing the separation angle of a͒ Electronic mail: kycheng@uiuc.edu the off-normal streaks at different azimuths, the faceted plane directions can be deduced and the shape of the quantum dot can be determined. Although the exact size of the quantum dot cannot be measured from the RHEED patterns quantitatively, important information such as directions of faceted planes can be extracted. The isotropic RHEED patterns shown in Figs. 1͑a͒ and 1͑b͒ indicate that the shape of the InSb SAQDs is isotropic along ͓110͔ and ͓110͔ azimuths. The close up view of the RHEED pattern ͓Fig. 1͑c͔͒ shows that the separation angle of the off-normal streaks is about 109°in both azimuths. This diffraction angle corresponds to the ͕111͖ facets. The cross-sectional TEM image of an InSb SAQD sample with 2.4 ML nominal thickness is shown in Fig. 2 . The base width of the quantum dot is about 360 Å and the height is about 125 Å. There is no dislocation forming beneath the quantum dot and the angle between the SAQD facets and the wetting or matrix layer is about 45°. This confirms that the InSb SAQD grown on GaAsSb/ InP has a truncated pyramid shape bounded by ͕111͖ facets. This observation is consistent with the previous TEM study of thick ͑5-7 ML͒ InSb SAQDs grown directly on InP. 9 The 1 ϫ 1 m 2 AFM images of 2.4 and 1 ML InSb SAQD samples with deposition rates of 0.2 and 0.1 ML/ s are shown in Figs. 3͑a͒ and 3͑b͒, respectively. Since the vertical resolution of AFM images can reach atomic level while the lateral resolution is mainly determined by the radius of curvature of the tip, each image was taken with a new ultrasharp silicon nitride tip to ensure an optimal lateral resolution. Both images show square-shaped-base quantum dots, consistent with the TEM observations. The dot densities of the SAQDs with two different InSb total thicknesses, 1 and 2.4 ML, were analyzed using AFM. The relationship between quantum dot density and indium deposition rate is shown in Fig. 4 . For the total InSb thickness of 2.4 ML, the dot density is the highest around an indium deposition rate of 0.2 ML/ s ͑3.85ϫ 10 10 cm −2 ͒. For deposition rates lower than 0.2 ML/ s, more time is needed to accumulate the same amount of InSb. This allows the highly mobile In atoms at the growth front to conglomerate and result in lower dot density. As the deposition rate increases more than 0.2 ML/ s, the arrival rate of the In atoms becomes too high for the atoms to diffuse, which results in a lower dot density. For the total InSb thickness of 1 ML, the dot density has a weak dependence on the indium deposition rate. The maximum dot density ͑1.3ϫ 10 10 cm −2 ͒ is only 1 / 3 of the 2.4 ML sample due to the less amount of InSb deposited.
Three-layer stacks of 1 ML InSb/ GaAsSb SAQDs were grown to characterize the structural and optical properties. The GaAsSb barriers were 250 Å thick. Figure 5 shows the HRXRD rocking curves in ͑004͒ reflection of two samples with 0.1 and 0.2 ML/ s deposition rates. The satellite peaks are clearly displayed and the lattice mismatch of the GaAsSb barrier to the InP substrate was less than 0.62% as demonstrated by 800 arc sec spacing between the substrate and the zero-order reflection. Since the InSb nominal thickness in each quantum dot layer is only 1 ML, the total amount of compressive strain accumulated from the three InSb quantum dot layers is not high enough to push the HRXRD satellite peak distribution toward the compressive side ͑lower rocking angle͒. Instead, the lattice mismatch between the GaAs y Sb 1−y FIG. 1. RHEED patterns along ͑a͒ ͓110͔ and ͑b͒ ͓110͔ azimuths after the deposition of 2.4 ML of InSb on GaAsSb/ InP. Panel ͑c͒ presents a closeup of the facet-related streaks from panels ͑a͒ and ͑b͒, with a separation angle of 109°. barrier and the InP substrate plays a more dominant role in determining the position of the zero-order reflection of satellite peaks. The HRXRD rocking curves were fitted using BEDE RADS software to calculate the barrier composition, the thickness of GaAsSb barrier, and the thickness of InSb SAQD layer. The fitted barrier compositions are GaAs 0.48 Sb 0.52 and GaAs 0.5 Sb 0.5 and the barrier thicknesses are 265 and 255 Å for the sample with 0.1 and 0.2 ML/ s deposition rates, respectively. The Sb-rich GaAsSb barriers in the sample with a deposition rate of 0.1 ML/ s shift the satellite peaks toward the compressive side of the HRXRD rocking curve. The sample with a 0.2 ML/ s deposition rate has better lattice matched GaAs 0.5 Sb 0.5 barriers and shows a nearly symmetric HRXRD curve. 80 K PL spectra of both samples were measured using a Fourier-transform infrared spectroscopy setup with a liquid nitrogen cooled InSb detector. The PL spectra at 80 K of the two samples are shown in spectra were not measurable due to the limited detectivity of the InSb detector.
III. DISCUSSION
The fundamental difference in RHEED patterns between InAs and InSb quantum dots is that the diffraction patterns of InSb quantum dots are isotropic in both ͓110͔ and ͓110͔ directions, rather than the anisotropic spotty-chevron patterns seen in InAs quantum dots formed on various matrix layers such as GaAs, 11, 12 InGaAs, 3 and InAlAs. 13 The chevron streaks along the ͓110͔ azimuth indicate well-defined facets, and the spotty pattern along the ͓110͔ direction means that there is no well-defined facet exists. From the separation angle of the RHEED patterns along the ͓310͔ and ͓130͔ directions, a recent study determined that the InAs/ GaAs SAQD facets are bounded by ͕136͖ surfaces. 12 In general, the shape of SAQD is determined by the dot induced elastic strain and anisotropic surface energies. Since the growth temperature of InAs/ GaAs SAQDs is relatively low compared to the melting point of InAs ͑943°C͒, InAs SAQDs are not formed under thermodynamic equilibrium conditions. Therefore the InAs SAQD surface is bounded by high-index planes.
Since the growth temperature of InSb SAQDs on GaAsSb/ InP matrix is about 400°C, which is very high compared to the congruent evaporation temperature ͑325°C͒, and near the melting point ͑525°C͒ of InSb, the SAQD formation process is taking place near thermodynamic equilibrium condition. Therefore, the lower-index planes, which have lower surface energy, prevail under the growth condition used.
The critical thickness of two-dimensional to threedimensional transition of InSb on InP substrate has been reported as 1.2 ML due to the very large strain between InSb and InP ͑10.4%͒.
14 However, in this study the critical thickness of InSb SAQD, grown on GaAsSb matrix, is closely related to the growth procedure. The transition of the RHEED patterns occurred at an InSb thickness of ϳ1.2 ML, similar to that reported by Uztmeier et al., 14 when the InSb was kept growing without growth interruption. On the other hand, the transition of the RHEED patterns from streaky to spotty occurs during the 60 s growth interruption after depositing 1 ML of InSb. This means, during the interruption, the deposited InSb reconstructs at the growth front to form three-dimensional islands assisted by the very high growth temperature approaching the melting point of InSb. Under this growth condition, the critical thickness of less than 1 ML could indicate that the formation of three-dimensional InSb islands is not the usual Stranski-Krastanov mode but the Volmer-Weber mode since there will be no continuous wetting layer. Further studies are needed to confirm this observation.
IV. SUMMARY
In summary, InSb SAQDs were formed on GaAsSb lattice matched to InP using GSMBE. Although the growth temperature was low compared to normal InP growth, it is still very high for InSb growth due to the low melting point of InSb. InSb SAQDs grown at this relatively high growth temperature resembles the growth under thermodynamic equilibrium and facilitates the formation of SAQDs bound by lowindex facets, in this case the ͕111͖ family. The critical thickness of the InSb/ GaAsSb/ InP was determined to be less than 1 ML due to the high compressive strain and high growth temperature. This could indicate that there is no continuing wetting layer under the SAQD layer and InSb SAQDs could be formed on GaAsSb/ InP matrix in VolmerWeber growth mode. However, a more thorough investigation is needed. Multiple stacks of SAQDs were deposited with a nominal InSb thickness of 1 ML and show 80 K PL emission peak wavelength of ϳ1.72 m. 
